In the present study, we retrospectively evaluated the use of tomographic imaging in adult cancer
INTRODUCTION
Cancer care expenditures in the United States have risen steadily since the early 2000s, driven by increases in both cancer treatment intensity and cost of care 1, 2 . Although oncologic imaging has been estimated to account for only 6% of total cancer-related expenditures, the absolute cost of imaging is rising 2 , with total expenditures for computed tomography (ct), positron-emission tomography (pet), and magnetic resonance (mr) imaging increasing at twice the rate of total cancer expenditures from 1999 to 2006 3 .
Despite increases in the use of high-cost oncologic imaging from the 1990s to the early 2000s 3, 4 , growth in imaging volume and expenditures both flattened between 2005 and 2008, particularly for mr imaging and nuclear medicine 5 . Regulations targeting the use of imaging in Medicare patients and industry management initiatives with respect to imaging use have both been credited as significant contributors to the reduction in utilization growth 6 . Other factors cited as facilitating the slowdown in imaging include technological saturation of imaging technology, increased promotion of clinical practice guidelines, and implementation of utilization management tools 7 .
Although the overall growth of high-cost imaging has diminished substantially, specific changes in oncologic imaging practices have remained unexplored. Understanding imaging trends within the staging, monitoring, and end-of-life treatment phases could provide valuable clinical context for the formulation of imaging guidelines. Recent findings indicate that a relatively modest 2% annual growth in U.S. cancer care costs during the staging and end-of-life treatment phases would lead to a 39% increase from 2010 to 2020, totaling approximately US$173 billion 8 . End-of-life cancer care in particular has proved to be an area of interest in the ongoing discussion of associations between cancer treatment intensity and quality-of-care outcomes [9] [10] [11] .
The purpose of the present study was to retrospectively evaluate the use of high-cost tomographic imaging by the treatment phases of cancer care, with a focus on trends by imaging modality during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] .
METHODS
This retrospective study was compliant with the U.S. Health Insurance Portability and Accountability Act and was approved by our institutional review board.
A database of all imaging studies from the radiology department's information systems was queried for brain and body ct, brain and body mr imaging, and body pet, with each record's inclusion based on an indication of malignant neoplasm. For the purposes of the present study, "pet" refers to either pet or pet-ct. "Body imaging" was defined as any tomographic imaging of chest, abdomen, or pelvis.
The resulting records were matched with the institution's cancer registry to establish each patient's date of death and primary tumour site. Patients with a date of death between 1 January 2000 and 31 December 2014 were selected for inclusion, resulting in 12,059 patients with a total of 77,729 imaging studies. The radiology information system records provided date of birth, sex, race, date of imaging study, and icd-9 (International Classification of Diseases, 9th revision) code, but did not discern between inpatient and outpatient imaging. The cancer registry provided date of diagnosis, date of death, primary tumour site, and information about cancer recurrence. To focus our study's analysis on the timing of imaging, the cancer registry's active therapy and staging information were not included. Death records from the State of California were matched with radiology data to provide a date of death for cancer patients not included in the cancer registry. Adult patients were classified into three age ranges: 18-39 years, 40-64 years, and 65 years and older.
Cancer type groups were organized based on the primary site given in the cancer registry using the ranges of the International Classification of Diseases for Oncology, revision 3. When that classification was missing or ambiguous, the icd-9 codes in the radiology information system records were used if the code corresponded with a diagnosis of malignant neoplasm.
Diagnostic Phases and Year of Death Range
Trends in mean imaging intensity by imaging modality and physical region were assessed by using date of death to group patients into three 5-year time periods: 2000-2004, 2005-2009, and 2010-2014 . Because the data were drawn from an academic cancer centre, there was heterogeneity in patient care; patients were treated either in part at the cancer centre from the date of initial diagnosis, fully at the cancer centre from the date of initial diagnosis, or for a recurrence of cancer, as specified in the cancer registry. The 5-year grouping method was selected to provide clarity in utilization assessment and comparison, reducing the stochastic variation more likely to arise within smaller time periods. The choice to break the two later time periods between 2009 and 2010 was intended to reflect the shift in attitudes and policies that had happened in the period leading up to the breakpoint.
Imaging studies were defined as belonging to one of three diagnostic phases: staging, including all images within 1 year after diagnosis; monitoring, including all images from 18 months to 6 months before death; and end of life, including all images from 6 months before death to death. Thus, the end-of-life phase was defined based relative proximity to death, rather than in a clinical sense, in which "end of life" references an advanced, progressive, and incurable disease state.
All patients were imaged at least once in the staging phase or at least once between the monitoring and the end-of-life phases. Imaging studies from the staging phase were not permitted to overlap into the monitoring or endof-life phases; imaging that fell into both the staging and the end-of-life phases was included in the imaging count only for staging phase. Patients who entered treatment at the cancer centre for recurrence of cancer after completion of initial therapy were omitted from the staging phase, because they were staged elsewhere.
For our analysis, the imaging intensity unit of measure was exams per patient-phase, referring to the mean number of imaging studies per patient within a given oncologic phase. Our study excluded patients who survived cancer; accordingly, imaging intensity as reported in this study is not generalizable to patients who survive their cancer.
Aggregate tomographic imaging intensity during the staging, monitoring, and end-of-life phases was analyzed separately using 3-month periods within each treatment phase. Those shorter time scales were intended to provide additional clarity with respect to the timing of imaging during staging and the relationship between imaging intensity and temporal proximity to death during the monitoring and end-of-life phases. Mean imaging intensities for the 6-month end-of-life and 3-month end-of-life phases were both calculated as the mean imaging intensity for the 5625 patients (46.6% of the study sample) who underwent at least 1 imaging study in their final 18 months of life.
Analyses of imaging intensity by modality and region (Table i, Figure 1 ) were limited to patients who were diagnosed more than 18 months before death. Patients staged near the end of life, defined as a diagnosis within 18 months of death, were included only in analyses of aggregate imaging during staging ( Figure 2 ) and of aggregate imaging during the final 18 months of life ( Figure 3 ). Aggregate per-patient imaging was calculated in 3-month periods for both the staging phase ( Figure 2 ) and the final 18 months before death ( Figure 3 ).
Statistical Analysis
The data were analyzed in the Stata software application (StataSE 13. 
RESULTS

Sample Characteristics
Of the 12,059 identified patients, 890 (7%) were 18-39 years of age; 5593 (46%) were 40-64 years of age; and 5576 (46%) were 65 years of age or older. Gastrointestinal cancers-a classification that included all digestive, liver, and pancreatic cancers-were the most common in the sample (26%). The distribution of cancer types and case complexities at our academic cancer centre was not expected to be representative of either regional or national cancer incidence rates. Table ii summarizes the distributions of age, sex, race, cancer recurrence, and cancer type by year-of-death period.
Body ct accounted for more than half of the 77,729 imaging studies in the cohort (53%), followed by brain mr imaging (18%), body mr imaging (13%), body pet (8%), and brain ct (8%). Table iii summarizes the distribution of imaging studies by modality and year-of-death period.
Most patients who were diagnosed near the end of life were diagnosed with a gastrointestinal cancer (32%), a respiratory cancer (18%), or an endocrine or neuroendocrine cancer (18%); very few breast cancers (2%), male reproductive cancers (1%), or brain cancers (1%) were diagnosed near the end of life. 
Imaging Intensity Across All Modalities and Phases
Comparing the 2005-2009 and 2010-2014 periods, we observed no statistically significant changes in aggregate patient tomographic imaging intensity at any imaging phase for patients diagnosed at least 18 months before death. Variations ranged from -2% to 2%.
Imaging Utilization Trends by Modality and Region
Comparing 
Staging, Monitoring, and End-of-Life Aggregate Imaging Intensities
Aggregate per-patient imaging intensity during staging was assessed in 3-month treatment periods (Figure 2) . In that analysis, imaging was observed to be concentrated during the first 3 months after diagnosis not only for patients diagnosed more than 18 months before death, but also for patients diagnosed near the end of life, although patients diagnosed near death received more imaging (2.87 vs. 1.87 exams, p = 0.0000). However, the mean imaging intensity during staging was lower for patients diagnosed near the end of life both at 6-9 months after diagnosis (0.71 vs. 0.75 In patients diagnosed at least 18 months before death, aggregate imaging intensity consistently increased as temporal proximity to death decreased, from a mean of 0.60 exams per patient at 18 months before death to a mean of 1.46 exams per patient in the final 3 months of life (Figure 3) . As with aggregate imaging for the 1-year staging, 1-year monitoring, and 6-month end-of-life phases, the mean imaging intensity in each 3-month phase from 18 months before death to death did not change significantly from the 2005-2009 period to the 2010-2014 period.
DISCUSSION
The per-patient tomographic imaging intensity trends from this single-institution study at an academic cancer centre parallel the recent growth plateau in high-cost tomographic imaging within the United States. However, modality-specific results reveal greater complexity in the directionality of oncologic imaging trends. Analysis of modality-specific trends in the 2005-2009 and 2010-2014 periods revealed a strong positive trend in mean body pet imaging intensity during the staging phase (to 1.31 from 1.08 exams, p = 0.0000) and the end-of-life phase (to 0.71 from 0.56 exams, p = 0.0019)-increases of 21% and 27% respectively. However, the mean imaging intensity for other modalities varied significantly only during the monitoring phase of treatment, showing a 26% decrease in brain ct imaging intensity (to 0.38 from 0.51 exams, p = 0.0133), an 11% decrease in body ct imaging intensity (to 1.95 from 2.19 exams, p = 0.0118), and a 26% decrease in body mr imaging intensity (to 0.61 from 0.82 exams, p = 0.0008).
In the face of significant increases in pet studies and no change in aggregate per-patient imaging intensity, the statistically insignificant changes in ct and mr imaging during the staging and end-of-life phases might be indicative of modality preference shifts as knowledge about technology and practices spread, with brain mr imaging providing the greatest clinical utility in metastatic disease detection in the brain, and ct and pet providing the greatest clinical utility in disease detection in the body.
The findings with respect to aggregate imaging by stage show that, compared with patients staged outside their end-of-life phase, those staged near the end of life undergo an average of 1 additional imaging study in the 3 months after diagnosis (2.87 vs. 1.87 exams, p = 0.0000). In parallel, compared with patients diagnosed at least 18 months before death, those diagnosed near the end of life undergo 1 additional imaging study in their final 3 months of life (2.47 vs. 1.46 exams, p = 0.0000). The disparity in aggregate imaging intensity associated with staging near the end of life necessitates further study of high-cost imaging intensity, with a focus on cancer type and TNM classification at diagnosis. An extension of the present analysis using insurance provider data from a community setting is planned, with the intent of facilitating an evaluation of outcomes related to imaging intensity throughout the phases of cancer treatment.
The clarification of imaging intensity trends during the monitoring and end-of-life phases, in 3-month periods beginning 18 months before death, demonstrated an inverse relationship of decreasing temporal proximity to death with increasing aggregate imaging intensity (Figure 3) . When annualized, the 6-month end-of-life imaging intensities were comparable to staging imaging intensities for all modalities (Table i) . Both findings about end-of-life imaging are counterintuitive, given an apparent lack of clinical utility in tomographic imaging for low-prognosis patients. We do not expect oncologists to have accurately predicted survival duration for their patients, but we assume that education and clinical experience would give the oncologists some ability to estimate long-term survival likelihood and duration. Despite the conflict between provider knowledge and ordering behaviours, our findings about imaging intensity in the final months of life are congruent with research indicating a tendency toward patients receiving "all care possible" at end of life 12 .
The 21% increase in pet use in the end-of-life phase (p = 0.0019) parallels the 27% increase in pet use during staging (p = 0.0000), probably reflecting the continuing incorporation of pet into diagnostic practice. The increase also underscores the importance of understanding the role of pet during the formulation of practice guidelines as growth in pet utilization continues. Further study to explore provider level variations in pet utilization is planned. The 11% decrease in the mean imaging intensity for body ct during the monitoring phase is notable because body ct imaging accounted for 54.4% of the imaging for patients with a date of death during the 2005-2014 period. Our estimates of imaging utilization could be conservative given the strong likelihood that many patients in our study population are missing imaging records from other imaging facilities. The study focused on a single major academic cancer centre and did not include all imaging or treatment records for most patients in the 15-year sample.
Given that the study population was drawn from a major academic cancer centre, our approach could have led to the inclusion of a greater number of complex cases than might be expected in most hospital oncology departments, potentially acting in counterpoint to the effects of partial patient imaging records-a situation that was especially true of the 75th and 90th percentiles for imaging intensity (Table i) . However, the diverse oncologic cases, the data sources, and the sample size support the robustness of the findings. Variation in the ordering of high-cost imaging studies could be attributable to a complex dynamic involving the oncologic specialties and institutional affiliations of the ordering physicians, as well as heterogeneity and uncertainty with respect to the insurance provider. The imaging intensity trends in the present study might be typical of a major academic cancer centre during the periods studied; non-academic cancer hospitals might experience different rates of imaging intensity because of differences in median case complexity.
CONCLUSIONS
Static aggregate per-patient imaging intensity for a decade and an escalation in utilization of high-cost imaging during the final 18 months of a patient's life demonstrate the need for evidence-based oncologic imaging practices, particularly during end-of-life treatment. Efforts toward that end have been made in recent years. Treatment of low-prognosis patients with "no strong evidence supporting the clinical value of further anticancer treatment" was identified in 2012 by the American Society of Clinical Oncology as one of the primary targets for reduction of practices unsupported by clinical research 13 . Findings in the present study suggest persistence of a bias against promoting alternatives to aggressive treatment and surveillance on the part of providers despite efforts to the contrary. Oncologic imaging guidelines have focused largely on preventing a first unnecessary image, or on limiting imaging to a single imaging study, but imaging intensity according to cancer treatment phase or cancer stage has not been addressed directly 1, 14, 15 . The lack of such direct studies might be a reflection of a reluctance to identify limits for treatment intensity in cancer care and alternatives to aggressive cancer treatment. The linear increase in imaging over the final 18 months of life, as seen in Figure 3 , is another potential consequence of avoiding a larger conversation of about end-of-life cancer care.
The findings related to the differences in aggregate imaging intensity during staging and the final 18 months of life suggest that imaging guidelines should consider imaging intensity within phases of treatment, with a focus on the timing of follow-up imaging for patients diagnosed with advanced cancers. The consistency of aggregate tomographic imaging intensity across treatment phases during 2005-2014 ( Table i ) also suggests that fluctuations in the preferred modality for oncologic imaging occur based on knowledge about the suitability of the modality rather than on the appropriateness of tomographic imaging utilization in general. The consistent similarities between imaging intensity during staging and during end of life and the consistent increases in imaging intensity during the final 18 months of life both reinforce the notion that provider perspectives about the suitability of imaging modalities within cancer care have changed at the same time that their perspectives on imaging utilization as a whole have not changed.
